Abstract Isothermal titration calorimetry (ITC) was used to study the interactions between copper(II) ions and peptides with sequences taken from the N-terminal loop of the FBP28 protein (formin-binding protein) WW domain: AcLys-Thr-Ala-Asp-Gly-Lys-Thr-NH 2 (D7) and Ac-Tyr-LysThr-Ala-Asn-Gly-Lys-Thr-Tyr-NH 2 (D9 M), respectively. Measurements were taken at 298.15 K in 20 mM 2-(Nmorpholino)ethanesulfonic acid buffer solution at a pH of 6. The stoichiometry, conditional stability constants and thermodynamic parameters (D ITC G, D ITC H and D ITC S) for the pertinent complexation reactions were determined. Furthermore, the thermal stability of peptide conformations in the presence and absence of copper(II) in the system was investigated using differential scanning calorimetry. Finally, a general procedure on how to include the effect of buffer competition with the peptide for the metal as well as proton competition with the metal for the peptide and the buffer's component during ITC data analysis is described.
Introduction
Peptides have been known to act as chelating agents. Their complex-forming capacity has been utilized in medicine for the treatment of Wilson's disease, for the removal of excess of copper from the liver, and in the prevention of its accumulation [1] [2] [3] [4] [5] [6] [7] . In this paper, we present the affinities of two peptides derived from the N-terminal part of the FBP28 protein (PDB code: 1E0L) to copper (Cu 2? ). In particular, the two peptide sequences examined were as follows: Lys-Thr-Ala-Asp-Gly-Lys-Thr-NH 2 (1E0L 12-18, hereafter referred to as D7) and Tyr-Lys-Thr-Ala-Asn-GlyLys-Thr-Tyr-NH 2 (1E0L 11-19 with the replacement of residue Asp15 with Asn, hereafter referred to as D9 M) (Fig. 1) .
The b-hairpin from the FBP28 protein is known to initiate the folding of this protein [8] . This is an independently forming region whose folding is not induced by a b-hairpin and is consequently an excellent object by which to study the factors that influence b-hairpin formation. Results from our preliminary conformational studies of two original fragments of the N-terminal part of the FBP28 protein (1E0L: 12-18 D7 and the 1E0L: [11] [12] [13] [14] [15] [16] [17] [18] [19] ; the D9 M is a point mutation of the sequence) [9] fragments suggest that these peptides do not form stable three-dimensional structures in solution (water). However, it was found that D7 forms a large fraction of bent conformations. The b-hairpin from the FBP28 WW domain has two charged (lysine) residues on opposite strands. According to our previous research [10] , these residues, in addition to the charged aspartic acid group that is located in the central part of the sequence, may stabilize the shape of the structure. In order to measure the affinity of the D7 peptide to the Cu 2? ion, a longer (9 residues) peptide fragment from FBP28 (1E0L 11-19) was selected. Simultaneously, within this 9-residue stretch, residue Asp15 was replaced by Asn(D9 M). The effect of elongating the peptide chain with side chains that bear expanded side chains (tyrosines) on the binding properties of the D7 peptide was investigated.
So far, there has been no knowledge concerning the interaction of peptides derived from the FBP28 protein with metal ions. As such, research on this issue is of significant interest.
Materials and methods

Peptide synthesis
All peptides under study were synthesized by using the procedure described in our earlier work [11] . The purities of the peptides were 99.98 and 99.99 % for D7 and D9 M, respectively, as assessed by analytical HPLC and MALDI-TOF analyses.
Isothermal titration calorimetry (ITC)
All ITC experiments were performed at 298.15 K using an AutoITC isothermal titration calorimeter (MicroCal Inc. GE Healthcare, Northampton, USA) with a 1.4491 mL sample and reference cells. The reference cells contained distilled water. All details concerning measuring devices and the experimental setup were described previously [12, 13] . All reagents were dissolved directly in a 20 mM buffer solution of MES. The pH of the buffer solution was adjusted to 6.0 with 0.1 M HClO 4 . The experiment consisted of injecting a 10.02 lL (29 injections, 2 lL for the first injection only) buffered solution of Cu2 ? (ca 2 mM) into the reaction cell, which initially contained a ca 0.25-0.5 mM buffered solution of peptide. A background titration, consisting of an identical titrant solution, but with buffer solution in the reaction cell only, was removed from each experimental titration to account for the heat of dilution. All the solutions were degassed prior to titration. The titrant was injected at 5-min intervals to ensure that the titration peak returned to the baseline before the next injection. Each injection lasted 20 s. For the sake of homogeneous mixing in the cell, the stirrer speed was kept constant at 300 rpm. A calibration of the AutoITC calorimeter was carried out electrically by using electrically generated heat pulses. A CaCl 2 -EDTA titration was performed to check the apparatus, and the results (n-stoichiometry, K, DH) were compared with those obtained using a test kit from MicroCal Inc. GE Healthcare.
Differential scanning calorimetry (DSC)
Calorimetric measurements were taken with a VP-DSC microcalorimeter (MicroCal) at a scanning rate 90°C/1 h. Scans were obtained at a protein concentration of c * 0181 and c * 0165 mM for D7 and D9 M, respectively. The cell volume was 0.5 mL. All scans were run at pH 6.5 in MES buffer, in a temperature range from 5 to 90°C. The reversibility of the transition was checked by cooling and reheating the same sample. These measurements were recorded three times. Results from DSC measurements were analyzed using the software Origin 7.0 from MicroCal, employing routines included with the instrument [14] . 
Results and discussion
The conditional parameters were obtained directly from the ITC experiment by fitting binding isotherms, using nonlinear least-square procedures, to a model that assume a single set of identical binding sites. The representative binding isotherms for the Cu 2? -D7 and Cu 2? -D9 M interactions in MES buffer are shown in Fig. 2 , whereas conditional thermodynamic parameters of the interactions are summarized in Table 1 . Based on the ITC measurements, it has been found that the stoichiometry N (N = [metal ion]/[peptide]) of the complexes is equal to 3:2 and 1:1 for Cu-D7 and Cu-D9 M, respectively. The positive values of the enthalpy of the complexation reaction indicate that the positive endothermic effects connected with dehydration of both the copper(II) ion and the peptide (on account of the change in peptide conformation) are not overcompensated by an exothermic effect due to the formation of new Cu-peptide bonds (Table 1) . Thus, the thermodynamic stability of the complexes studied strongly depends on the entropy change. The higher positive value of DH for the Cu 2? -D9 M complex can suggest lesser covalent character of the Cu 2? -D9 M interactions than in the case of the Cu 2? -D7 ones, as well as a more effective solvation process for the D9 M peptide.
The conditional (observed) Cu(II)-peptide binding constant (K ITC ), obtained directly from the ITC experiment, is conditioned by buffer (MES) competition with the peptide for the copper(II) ion, as well as proton competition with the copper(II) ion for the buffer and peptide; it is quantified by Eq. (1):
where K is pH-and buffer-independent metal-ligand binding constant,
is the function of pH and pK a 's of peptide (n denotes the number of acid dissociation constants), The conditional (observed) enthalpy of the Cu(II)-peptide interaction, measured directly in the ITC experiments, is equal to the sum of all energetic effects corresponding to the particular equilibrium taking place for the complexation process ( Table 2) .
The overall reaction for the formation of Cu(II)-peptide complex in the presence of buffer substances (MES) in the system is given by the general Eq. (2):
Taking into account the fact that the heat absorbed or released during ITC experiments is equal to the sum of all the energetic effects corresponding to the particular equilibria taking place for complexation process (Table 2) , the pHand buffer-independent enthalpy of the Cu 2? -peptide interaction (D Cux(peptide)y H°) can be calculated from the equation based on Hess's law (Eq. 3).
Thus, in order to determine the pH-independent and bufferindependent parameters of the Cu 2? -peptide interaction, the values of D Hn(peptide) H°, D CuMES H°and K CuMES should be known.
Our preliminary study shows that the D7 peptide is more flexible then the D9 M peptide. Probably, fast changes in the conformation of the more flexible peptide are conducive for binding metal ions, which is in good agreement with the results of the ITC experiment. The complex system of the D7 peptide and Cu 2? ions (Cu 2?
-D7) has a higher thermal stability in comparison with the pure D7 peptide (for both systems, the T m s was determined from the heat capacity curves, see Fig. 3 ; the experimental curves are indicated by black lines, and the fitted to the two-state model curves are indicated by red lines). The DSC measurements show that Cu 2? ions stabilize a new conformation of the D7-Cu 2? complex. For the D9 M peptide, the presence of a large number amino acid residue with expanded side chains in this longer sequence induces a more fixed and dominating conformation, in comparison with the D7 peptide. The DSC experiment suggests that interactions between the Table 2 Individual reactions that contribute to the overall equilibrium for the formation of Cu(II)-peptide complex in the MES buffer solution (the charges of ions are omitted for the sake of clarity)
Ka3ÁKa2Áaproton
-yÁD H2(peptide) H°y
Ka3ÁKa2ÁKa1Áaproton
-yÁD Hn(peptide) H°x -D9 M system (Fig. 3) . This presumption confirms both a lower value of the stability constant and the lower stoichiometry of the newly formed Cu 2?
-D9 M complex. It has been shown that probably, the higher flexibility of the ligand is more favorable in the binding reactions between peptides and metal ions. Additionally, the DSC measurements show that the D7 peptide has a big tendency to aggregate over *40°C. The heat capacity curve of the complex system of the D7 peptide and Cu 2? ions shows that interactions between the D7 peptide and Cu 2? decrease such tendency. The D9 M and D9 M-Cu 2? complex do not have tendency for aggregation. However, it should be noted that for all systems a low height and broad shape of the peaks suggest that a dynamic equilibrium between interconverting conformations is established. The heat capacity curves have a broad maximum region, and it can, therefore, be concluded that the D7 and D9 M peptides and their complexes occur as a mixture of interconverting conformations in a dynamic equilibrium.
Conclusions
Based on the results of isothermal titration calorimetry, conditional thermodynamic parameters (D ITC G, D ITC H and D ITC S) have been determined for the complexation reaction of Cu 2? ions with Ac-Lys-Thr-Ala-Asp-Gly-Lys-Thr-NH 2 (D7) and Ac-Tyr-Lys-Thr-Ala-Asn-Gly-Lys-Thr-Tyr-NH 2 (D9 M), as well as the stoichiometry of the resulting complexes and their conditional stability constants (in 20 mM MES buffered solution with a pH of 6, at 298.15 K). At the conditions under study, the D7 and D9 M peptides act as relatively weak ligands; however, the stability of the complex with the former ligand is ca. one order higher than for the latter. Moreover, it has been found that the binding enthalpies of the resulting copper(II)-peptide complexes are positive (D Cu3(D7)2 H = ?2.18 (±0.07) and D CuD9M H = ?4.36 (±0.40) kcal mol -1 ); hence, the processes under study are entropydriven. The D CuD9M H is two times higher that D Cu3(D7)2 H. As the obtained enthalpies of reaction are conditional parameters, the difference in their values is mainly due to the different stoichiometry of the copper(II) complexes (Cu:D7 = 3:2 and Cu:D9 M = 1:1), different ionization enthalpy of the peptides, as well as different distributions of species capable of the release (or uptake) of protons.
The DSC results showed that the stoichiometry of the metal-ligand interactions and the value of their binding constants (K ITC ) has the ability to induce significant conformational changes. Probably, for the more flexible ligand, the newly formed complex (i.e., Cu 2? -D7) is more thermodynamically stable. For peptides with a more fixed and dominating conformation, Cu 2? metal ions destabilize the newly formed structures (i.e., Cu 2? -D9 M). Investigations of copper(II) complexation by fragments of the FBP28 protein using isothermal… 267
The ITC method is a useful tool for investigating metalligand interactions in solution. However, as far as the interaction of metal ions and peptide is concerned, the determination of condition-independent thermodynamic parameters that can be compared to values obtained by other experimental methods is not always easy. The most important factors that have an impact on the obtained conditional parameters are the enthalpy of proton-peptide dissociation, the enthalpy of the Cu-MES interaction and the copper(II)-MES affinity (K CuMES ). Despite the fact that, as far as we are concerned, the above parameters are not yet available in the literature, we have described in this paper a data analysis method that includes the effect of buffer competition with the peptide for the metal, as well as proton competition with the metal for the peptide and the buffer's component. The presented procedure can be adopted for different experimental conditions (pH, the metal ions and the buffer type).
